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 Both AC and BC 500 Hz showed similar patterns of abnormalities in vestibular neuritis, most often
with sparing of the cVEMP and abnormal oVEMPs.
 BC impulses showed frequent abnormalities for both cVEMPs and oVEMPs, consistent with a stronger
effect on the utricle.
 Modelling our ﬁndings suggests saccular predominance for the AC and BC 500 Hz-evoked cVEMPs but
utricular predominance for oVEMPs evoked by all 3 stimuli.
a b s t r a c t
Objective: To compare and characterise abnormalities for short latency vestibular evoked myogenic
potentials (VEMPs) elicited by air- (AC) and two differing types of bone-conducted (BC) stimuli during
vestibular neuritis (VN).
Methods: AC (500 Hz short tone bursts) and two BC stimuli (500 Hz at the forehead and impulses at the
mastoids) were used to evoke cervical and ocular potentials (cVEMPs and oVEMPs) in VN patients (n = 22)
and healthy subjects.
Results: More abnormalities were observed for the oVEMP than the cVEMP when using either AC 500 Hz
or BC 500 Hz. The AC stimulus showed slightly more abnormalities than the BC 500 Hz stimulus. In con-
trast, BC impulses produced frequent abnormalities for both oVEMPs and cVEMPs. The ﬁndings were
modelled, based upon presumed selective lesions of the superior nerve.
Conclusions: AC 500 Hz stimulation was slightly better than BC 500 Hz in demonstrating abnormalities in
patients with VN. BC impulses behave as expected for a predominantly utricular stimulus. The relative
contributions of saccular and utricular ﬁbres differ for stimulus type and target reﬂex.
Signiﬁcance: AC 500 Hz is as effective as BC 500 Hz for investigating VN. BC impulses act most strongly on
utricular afferents.
 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction are elicited using a number of different stimulation methods andSurface EMG potentials generated by peripheral vestibular
stimulation are now widely used to assess vestibular function
(Rosengren et al., 2010; Welgampola and Colebatch, 2005). Termed
‘‘vestibular evoked myogenic potentials’’ (VEMPs), these potentialsrecorded from over the sternocleidomastoid (cVEMP) and extrao-
cular (oVEMP) muscles. The latter has been shown to arise from
the inferior oblique muscle when using upgaze and the conven-
tional recording montage (Weber et al., 2012). Animal based
research has shown otolith (saccular and utricular) sensitivity to
both air- (AC) and bone-conducted (BC) stimuli (Murofushi et al.,
1995; McCue and Guinan, 1997; Curthoys et al., 2006). Intracellu-
lar recordings have demonstrated projections from both saccular
and utricular afferents to sternocleidomastoid motoneurons
(Kushiro et al., 1999) but only a projection to the ipsilateral inferior
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et al., 1996; Isu et al., 2000), rather than the commonly used con-
tralateral reﬂex response (Iwasaki et al., 2007). Interestingly, with
unilateral AC stimulation, the ipsilateral projection underlying the
oVEMP shows a more consistent response to changes in stimulus
intensity than does the crossed projection (Dennis et al., 2014).
Both cVEMP and oVEMP reﬂexes play an important role in the
identiﬁcation and characterisation of vestibular impairment due
to disease. Vestibular neuritis (VN) usually affects superior
vestibular nerve afferents more severely than those ﬁbres travel-
ling in the inferior part of the nerve (Fetter and Dichgans, 1996).
The usual pattern of ﬁndings for VEMP testing using 500 Hz AC
and BC stimuli is for abnormalities to be present for the oVEMP
with preservation of the cVEMP (Iwasaki et al., 2009; Govender
et al., 2011), a pattern which has been interpreted to indicate that
the otolith afferents mediating the oVEMP travel through the supe-
rior vestibular nerve and those for the cVEMP through the inferior
nerve (Govender et al., 2011). The use of AC stimuli in this context
to demonstrate this selective pattern has been criticised due to the
higher stimulus intensities applicable as well as the absence of
responses in some patients from the unaffected side, a situation
in which the test becomes uninformative (Curthoys, 2012;
Manzari, 2013). On the other hand, AC stimuli are more easily
generated and are more effective in detecting other pathology,
such as superior canal dehiscence (Welgampola et al., 2008) and,
using appropriate intensities, appear to be safe (Colebatch and
Rosengren, 2014).
Impulsive bone stimuli have been demonstrated to be an effec-
tive method of exciting vestibular afferents, presumably mainly
those arising from the otoliths, given their directional sensitivity
(Halmagyi et al., 1995; Brantberg et al., 2003; Rosengren et al.,
2009; Todd et al., 2008). In our previous study of VN, in contrast
to the ﬁndings for BC 500 Hz stimuli, we showed similar rates of
abnormalities for both oVEMP and cVEMP reﬂexes evoked by an
impulsive stimulus, a pattern consistent with activation of the utri-
cle (Govender et al., 2011). Similarly, Brantberg et al. (2003) study-
ing cVEMPs evoked by a tendon hammer tap, showed higher rates
of abnormality (10/18 patients) than for AC stimuli (4/18 patients),
and attributed the difference to differing receptors being involved
in the generation of these responses. Impulsive stimuli appear to
be effective methods for exciting the utricle as judged by the prop-
erties of both oVEMP and cVEMP reﬂexes as well as the vestibular-
spinal reﬂexes that can be evoked (Todd et al., 2008; Rosengren
et al., 2009; Laube et al., 2012).
The aim of this study was twofold: ﬁrst to determine the rela-
tive frequency of abnormalities for 500 Hz AC and BC stimuli, so
as to establish which in practice might prove to be the most infor-
mative in demonstrating selective abnormalities in VN. The second
objective was to compare two contrasting types of BC stimulation:
a high frequency vibration (500 Hz) and a low-frequency, impul-
sive-type stimulus (Todd et al., 2008) to deﬁne their patterns of
responses in VN. The two types of BC stimulus differ substantially
in frequency and, as a consequence of the skull’s properties, also in
their potential directionality. The ﬁndings also allowed us to
speculate on the relative contributions of saccular and utricular
afferents to the responses.
2. Methods
2.1. Patient and control cohorts
Twenty-three patients from the Prince of Wales (n = 17) and
Royal Prince Alfred Hospital (n = 6) were tested. Patients from
the Prince of Wales Hospital were recruited prospectively so as
to be representative of patients presenting with VN. Patients were
included based upon the clinical features which included: a singleepisode of acute onset of vertigo, lasting at least several hours; a
caloric deﬁcit of greater than 25% or a clinically-positive horizontal
head impulse (HIT); and normal cerebral imaging. One patient had
clinical symptoms with a caloric deﬁcit but normal HIT, subjective
visual horizontal (SVH) and electrophysiological results, and was
excluded from this study. Twenty-two patients were therefore
included (Table 1; 13 males and 9 females, 14 left affected and 8
right affected, mean age: 61 ± 19 yrs). Patient responses for AC
500 Hz stimuli, BC impulses and the SVH were compared to those
of 22 healthy subjects (control group 1: 13 males and 9 females,
mean age = 60 ± 17 yrs) who had been chosen randomly by a
blinded experimenter and taken from a larger cohort previously
reported (Rosengren et al., 2011). For BC 500 Hz stimulation at
the forehead (AFz), responses were compared to 20 healthy
subjects (control group 2: 8 males and 12 females, mean
age = 60 ± 18 yrs). There was no signiﬁcant difference in age
between patients and either control group (P > 0.05). Healthy sub-
jects had no previous history of neuro-otological impairment or
evidence of conductive hearing loss. Verbal and written consent
were obtained prior to the start of the experiment. The study
was approved by the local ethics committee.
2.2. Stimulation techniques
Patients and controls were stimulated with 500 Hz AC short
tone bursts 2 ms long and two types of BC stimuli: BC 500 Hz
(2 ms or 6 ms duration) short tone bursts at AFz and BC impulses
(4 ms rise time) delivered to each mastoid. Prior to VEMP testing
screening audiograms comparing AC and BC 500 Hz hearing
thresholds were performed using a Beltone Model 120 audiometer.
A discrepancy of >20 dB between AC and BC thresholds was consid-
ered indicative of conductive hearing loss (Rosengren et al., 2011).
AC stimuli were delivered unilaterally via calibrated headphones
(THD-49, Telephonics Corp., Farmingdale, NY, USA) at 5/sec, with
equivalent intensity ranges from 105 to 110 dB LAeq (134–139 dB
peak SPL). The same intensity was used for both ears within each
patient. BC lateral impulses consisted of a 3rd order gamma wave-
form (Ross, 2007) and were delivered to the mastoids using a
hand-held minishaker with an attached perspex rod (model
4810, Brüel and Kjaer P/L, Denmark) at an intensity of 5 or 10 volts
peak (130 or 136 dB peak FL). The minishaker was also used to
deliver a 500 Hz waveform at the forehead using a drive of 10 or
20 volts peak (138 or 143 dB peak FL). The initial displacement of
the perspex rod was always outwards with respect to the motor
(deﬁned as positive) for both forehead and mastoid stimulation.
For all stimuli the higher intensities were used only if responses
were absent at the lower intensity.
2.3. cVEMP and oVEMP recordings
Patients lay in the recumbent position and were required to lift
their heads during vestibular stimulation for the cVEMP record-
ings. EMG recordings (both full wave rectiﬁed and unrectiﬁed)
were recorded from the sternocleidomastoid (SCM) muscles as
previously described (Welgampola and Colebatch, 2005). EMG
was recorded at a sampling rate of 5 kHz from 20 ms before to
80 ms after stimulus onset and averages were made of up to 250
individual trials using SIGNAL software (Version 2.10, Cambridge
Electronic Design, Cambridge, UK). The initial biphasic peaks were
measured for the cVEMP as they have previously been shown to be
vestibular dependent (Colebatch et al., 1994; Halmagyi et al., 1995;
Rosengren et al., 2009). The cVEMP p13-n23 response produced by
AC 500 Hz stimuli was measured from the ipsilateral SCM. For BC
500 Hz stimulation (given at AFz, located in the midline near the
hairline) the initial p15-n24 peaks were measured bilaterally. For
BC impulses at the mastoid, the initial biphasic peaks (p15-n22:
Table 1
Patient demographic and clinical results.
Patient Affected
ear
Age Gender Duration
(weeks)
CP (%) SVH
(degrees)
AC
500 Hz
BC 500 Hz
(forehead)
BCimpulses
(mastoid)
AC
500 Hz
BC
500 Hz
(forehead)
BC
impulses
(mastoid)
cVEMP oVEMP
1 R 47 M 3 P-HIT 7.9 (A) 1 (N) 6 (N) 11 (N) 100 (A) BA (N) 100 (A)
2 L 65 M 1 85 12.4 (A) 1 (N) 65 (A) 34 (A) 100 (A) 100 (A) 100 (A)
3 R 38 M 0.7 P-HIT 3.3 (N) 5 (N) 8 (N) 100 (A) 100 (A) 21 (N) 100 (A)
4 R 80 M 0.4 P-HIT 13.9 (A) 6 (N) 22 (N) 8 (N) 100 (A) 100 (A) 100 (A)
5 L 73 F 1 29 14.6 (A) 7 (N) 8 (N) 26 (N) 100 (A) 100 (A) BA (N)
6 L 37 F 4 P-HIT 2 (N) 8 (N) 34 (N) 36 (A) 100 (A) 100 (A) 100 (A)
7 R 41 M 0.6 P-HIT 2.5 (N) 11 (N) 15 (N) 42 (A) 100 (A) 100 (A) 100 (A)
8 L 85 M 8 43 0.6 (N) 15 (N) 42 (N) 34 (A) 64 (N) 100 (A) 40 (N)
9 L 69 M 4 100 3 (N) 18 (N) 8 (N) 48 (A) BA (N) 100 (A) 48 (N)
10 L 62 M 3 78 3.1 (N) 24 (N) 56 (A) 100 (A) 100 (A) 100 (A) 100 (A)
11 L 54 F 1 P-HIT 13.4 (A) 35 (N) 39 (N) 43 (A) 100 (A) 100 (A) 100 (A)
12 L 40 M 1 P-HIT 10.6 (A) 42 (N) 55 (A) 46 (A) 100 (A) 100 (A) 100 (A)
13 R 77 M 6 N-HIT 2 (N) 42 (N) 29 (N) 47 (A) 100 (A) 100 (A) 15 (N)
14 L 78 F 0.6 73 5.5 (A) 42 (N) 22 (N) 30 (N) 27 (N) 23 (N) 100 (A)
15 L 43 F 1.4 64 6.2 (A) 47 (N) 42 (N) 24 (N) 100 (A) 17 (N) BA (N)
16 L 67 M 1.6 P-HIT 3.3 (N) 48 (N) 24 (N) 18 (N) 100 (A) 33 (N) 100 (A)
17 R 86 M 1 94 18.6 (A) 52 (A) 100 (A) 26 (N) 100 (A) 30 (N) 100 (A)
18 L 22 M 2 90 5.9 (A) 66 (A) 44 (N) 74 (A) 100 (A) 100 (A) 100 (A)
19 R 48 F 1 44 4.5 (N) 100 (A) 70 (A) 27 (N) 100 (A) 77 (N) 100 (A)
20 L 73 F 1 33 11 (A) 100 (A) 5 (N) 43 (A) 100 (A) 55 (A) 100 (A)
21 R 70 F 0.1 45 24.4 (A) BA (N) 27 (N) 22 (N) BA (N) 100 (A) 100 (A)
22 L 87 F 1 100 8.4 (A) BA (N) 100 (A) 17 (N) 100 (A) 100 (A) 100 (A)
Mean 61 ± 19 2.0 ± 2.0 8.0 ± 6.2* 33 ± 31 37 ± 28 39 ± 25 95 ± 18 77 ± 33 90 ± 25
P-HIT = positive head impulse test, N-HIT = negative head impulse test, BA = bilaterally absent (or uninformative and has been considered normal for this study), N = normal,
A = abnormal. Values for cVEMP and oVEMP reﬂexes reﬂect asymmetry ratios and those in bold indicate larger responses from the affected ear. SVH values indicate rightward
(+) and leftward () bias.
* Average absolute value
2006 S. Govender et al. / Clinical Neurophysiology 126 (2015) 2004–2013Rosengren et al., 2009) were recorded from the ipsilateral SCM.
Amplitude values were expressed as the corrected ratio (raw
amplitude divided by the mean background activation for each
subject; Welgampola and Colebatch, 2001) for calculating
asymmetries.
For the oVEMP, EMG potentials arising from the extraocular
muscles were recorded using a differential bipolar montage
(Todd et al., 2007). Self-adhesive Ag/AgCl electrodes (Cleartrace
1700-030, Conmed Corp., NY, USA) were positioned beneath the
eyes with the upper recording electrode placed near the orbital
margin and the lower reference electrode approximately 2–3 cm
below it. The ground electrode was positioned at the sternoclav-
icular joint. During recordings patients were seated upright and
held their gaze at a target approximately 20 above the horizontal.
When responses were absent the stimulus was repeated using
maximum upgaze for a single recording (Govender et al., 2009).
These signals were sampled at 10 kHz for 10 ms before to 60 ms
after stimulus onset and averaged from up to 250 individual trials
using Signal software (Cambridge Electronic Design, UK). The ini-
tial biphasic peaks were measured for the oVEMP as the earliest
components of the response arise nearly exclusively from the con-
tralateral vestibular apparatus, thus allowing abnormalities to be
lateralised even when using stimuli which act bilaterally
(Chihara et al., 2007; Iwasaki et al., 2007; Govender et al., 2011).
The initial biphasic potentials (n10-p16) were measured from
beneath the eye contralateral to the stimulated ear for AC 500 Hz
stimulation. For BC 500 Hz stimulation at AFz the initial biphasic
peaks (n10-p14) were measured bilaterally. BC impulse responses
were recorded from the eye contralateral (n11-p16) to the
stimulated side (Todd et al., 2008; Govender et al., 2011).2.4. Subjective visual horizontal (SVH)
SVH was recorded in all patients and healthy subjects (control
group 1) using customised software and hardware. Subjects wereseated in front of a computer screen (enclosed in a black light proof
fabric) and placed their chins on an adjustable rest to position their
heads approximately 40 cm from the screen. Using the left and
right arrow keys subjects were instructed to adjust a 6 cm dashed
red line to their perceived horizontal for two sets of 10 individual
trials. The line randomly started either tilted clockwise or counter-
clockwise from the horizontal. The two sets of adjustments were
averaged giving a positive (rightward bias) or negative (leftward
bias) deviation calculated in degrees from the true horizontal.
The mean deviation was calculated for the control group and we
deﬁned our normal range as ±2 standard deviations (SD) from
the true horizontal. Patients with values outside this range were
classiﬁed as abnormal.2.5. Statistical analysis
For each stimulus two individual recordings were performed. A
response was considered absent if not present for both recordings.
If present on both recordings, the average amplitude was used for
the analysis. For oVEMPs, the response at maximum upgaze was
used when the recording was absent at 20 upgaze. Asymmetry
ratios (ARs) were calculated as the difference in amplitude
between the intact and affected ear response divided by the sum
of both responses and expressed as a percentage. For control sub-
jects, ARs were calculated by taking the difference between the lar-
gest and smallest amplitude divided by the sum of these responses
and expressed as a percentage. For each reﬂex and modality the
mean +2 SD for the control group was calculated and set as the
upper limit of normal (Govender et al., 2011). ARs in the patient
group above the speciﬁed upper limit of normal were classiﬁed
as abnormal. Rates of abnormalities (by stimulus modality and
SVH) were then compared using chi-squared tests. Binary variables
(abnormal and normal) were used to perform correlations. One
way ANOVA using stimulus modality was used to compare ampli-
tude and latency in controls and in patients using the intact ear
S. Govender et al. / Clinical Neurophysiology 126 (2015) 2004–2013 2007response. Average amplitude values reported in the text do not
include bilaterally absent responses and such patients were
classiﬁed as having uninformative responses (taken as a ‘‘normal’’
result for the purposes of this study). All analysis was performed
using IBM SPSS software (Version 22, SPSS Inc., Chicago, USA).3. Results
For the control groups, there was no signiﬁcant difference in
amplitude or latency between the left and right sides for any of
the three stimulus modalities (P > 0.05) and the individual mean
background SCM EMG levels varied from 56 to 76 lV. The average
cVEMP amplitudes were similar for all three modalities (P > 0.05;
Table 2), while for the oVEMP larger amplitudes were recorded
using BC stimuli (F = 8.8, P 0.001). BC impulses and BC 500 Hz
gave larger average responses than AC 500 Hz (t = 3.4 and 3.9,
P 6 0.001). The spread of normal values was narrowest for the
cVEMP for the impulsive stimulus, but narrowest for the oVEMP
using the BC 500 Hz stimulus. For latency, both cVEMP and oVEMP
initial peaks were signiﬁcantly later for BC impulses than for AC
and BC 500 Hz stimuli (F = 8.8 and 69.6, P 0.001; Supplementary
Table S1). The amplitude asymmetry values for controls’ and
patients’ intact ears for AC 500 Hz and BC impulses were very simi-
lar to those previously reported by Govender et al. (2011).
For the patients, the grand mean response for cVEMPs and
oVEMPs to AC 500 Hz, BC 500 Hz at the forehead, and BC impulses
at the mastoids are shown in Figs. 1 and 2 respectively. Overall, the
initial responses from the ipsilesional SCM and contralesional eye
were signiﬁcantly reduced compared to the intact sides. Mean rec-
tiﬁed EMG levels varied between 58 and 81 lV for the patient
group and were not signiﬁcantly different between the intact and
affected SCMs for any stimulus modality, nor when compared to
controls (both P > 0.05).
3.1. cVEMP responses
Like the controls, the cVEMP amplitudes for intact ear stimula-
tion were not signiﬁcantly different for any modality (P > 0.05;
Table 3). The initial peaks for BC impulses and BC 500 Hz were later
than for AC 500 Hz (F = 5.3, P = 0.007; Supplementary Table S2).
Intact ear stimulation with AC 500 Hz produced a p13-n23 respon-
se in the ipsilateral SCM for 20/22 patients, while stimulation of
the affected ear gave a response in the ipsilateral SCM in 18/22Table 2
cVEMP and oVEMP amplitudes (controls).
AC 500 Hz stimulation BC 500
p13-n23 p15-n
Right stimulation Left stimulation Right
cVEMP
(ratio)
1.2 (0.6)
[0.4–2.4]
1.2 (0.5)
[0.5–2.7]
1.0 (0.
[0.2–2
cVEMP
(lV)
81 (35)
[30–140]
89 (43)
[28–198]
75 (60
[16–23
AR
(absolute
ratio%)
22 (14)
[3–61%]
17 (18
[1–66%
n10-p16 n10-p
Right stimulation Left stimulation Left ey
oVEMP
(lV)
3.0 (2.4)
[0–8.2]
3.2 (1.9)
[0–8.0]
5.4 (2.
[1.2–1
AR
(absolute
ratio %)
32 (25)
[1–100%]
19 (17
[1–59%
Values are given as mean (SD), [Range], AR = asymmetry ratio.patients. No response was produced from either ear in 2 patients.
AC 500 Hz stimuli produced ARs for the patients of 33 ± 31% and
for controls 22 ± 14%. Our upper limit of normal was 50% (mean + 2
SD) and thus 4/22 patients (18%) were classiﬁed as abnormal and 2
as uninformative.
The p15-n24 cVEMP response to BC 500 Hz forehead stimula-
tion was present in all 22 patients for the contralesional SCM,
and in 17/22 patients for the ipsilesional SCM (3 patients had
absent p15 peaks and 2 patients had absent p15-n24 peaks). Mean
ARs were 37 ± 28% for the patients and 17 ± 18% for the controls.
Our upper limit of normal was 53% and, thus, BC 500 Hz stimula-
tion at the forehead produced 6/22 (27%) abnormal p14-n23
responses, a rate not signiﬁcantly different from AC 500 Hz
(P > 0.05).
For BC impulses, intact ear stimulation produced a p15-n22
response in the ipsilateral SCM of all 22 patients. Affected ear
stimulation produced a p15-n22 response in the ipsilateral SCM
of 20/22 patients. Mean ARs were 39 ± 25% for the patients and
11 ± 11% for controls and the p15-n22 response was classiﬁed as
abnormal in 12/22 patients (55%). Thus, for cVEMPs, BC impulses
demonstrated signiﬁcantly more abnormalities than both AC
500 Hz and BC 500 Hz stimulation at the forehead (v2(2) = 7.1,
P = 0.03).3.2. oVEMP responses
Due to the crossed nature of the oVEMP reﬂex, the response
from the eye contralateral to intact ear stimulation (i.e. the respon-
se arising from the intact vestibular labyrinth) was compared to
that of the eye contralateral to affected ear stimulation (i.e. the
response arising from the affected vestibular labyrinth) for ampli-
tude measurements (Fig. 2). Intact ear responses with BC impulses
evoked larger and later (initial peak) responses than for the other
two modalities (F = 3.4 and 31.4, P 6 0.042; Table 3 and Supple-
mentary Table S2).
AC 500 Hz stimulation of the intact ear produced an n10-p16
response in the contralateral eye of 20/22 patients. In 2 patients
the response was absent following stimulation of both ears (unin-
formative responses) despite maximum upgaze and an intensity of
110 dB LAeq. The response was usually absent following affected
ear stimulation and was present in only 2/22 patients. Mean ARs
were 95 ± 18% for the patients and 32 ± 25% for controls. A totalHz (forehead) BC impulses (mastoid)
24 p15-n22
SCM Left SCM Right stimulation Left stimulation
7)
.8]
1.0 (0.8)
[0.3–2.8]
1.1 (0.5)
[0.5–2.2]
1.1 (0.5)
[0.4–1.8]
)
2]
84 (74)
[18–292]
63 (24)
[24–125]
61 (26)
[25–107]
)
]
11 (11)
[1–37%]
14 n11-p16
e Right eye Right stimulation Left stimulation
8)
1.8]
5.0 (3.7)
[0.9–
14.6]
6.4 (5.3)
[0–23.4]
7.5 (5.9)
[1.5–25.8]
)
]
21 (25)
[1–100%]
AC 500 HzA
BC impulses (mastoid) C
cVEMP recordings
BC 500 Hz (AFz)B
Contralesional SCM 
Ipsilesional SCMContralesional SCM 
0 20-20 40 60 80 100
ms
0 20-20 40 60 80 100
ms
0 20-20 40 60 80 100
ms
0 20-20 40 60 80 100
ms
0 20-20 40 60 80 100
ms
0 20-20 40 60 80 100
ms
Ipsilesional SCM 
30 µV
30 µV30 µV
30 µV
30 µV30 µV       p13
       n24
       p13
       n23
       p15
       n22
       p15
       n22
       p15
       p15
       n24
       n23
Contralesional SCM Ipsilesional SCM 
Fig. 1. Grand averaged cVEMP recording from VN patients (n = 22) using (A) air-conducted, (B) BC 500 Hz stimulus delivered at the forehead (AFz), and BC impulses delivered
at the mastoid (C), recoded for the side of the lesion. Recordings in the left columns show responses evoked from the intact ear and thus recorded from the contralesional
sternocleidomastoid (SCM) while the right columns show responses evoked from the affected ear and recorded from the ipsilesional SCM. For the cVEMP, amplitudes were on
average smaller from the affected ear but more frequent abnormalities were shown for the BC impulses than for AC and BC 500 Hz stimuli. The left ear is taken to be
pathological for illustration purposes.
2008 S. Govender et al. / Clinical Neurophysiology 126 (2015) 2004–2013of 18/22 patients (82%) were thus classiﬁed as having an abnormal
n10-p16 response.
For BC 500 Hz stimulation the n10-p14 response was present in
21/22 patients for the ipsilesional eye, and in 7/22 patients for the
contralesional eye. In one patient the response was absent beneath
both eyes. Mean ARs for the patients and controls were 77 ± 33%
and 19 ± 17% respectively. A total of 15/22 patients (68%) were thus
classiﬁed as abnormal, and this was smaller but not signiﬁcantly
different from the abnormality rate for AC 500 Hz (P > 0.05).
BC impulses also generally produced reduced responses for the
eye contralateral to the stimulus. Overall, the n11-p16 response
was present in the contralateral eye of 20/22 patients following
stimulation of the intact ear. When the affected ear was stimulated
the n11-p16 response from the contralateral eye was present in
only 3 patients while in 2 patients the n11-p16 response was
absent bilaterally. Mean ARs were 90 ± 25% for the patients and
21 ± 25% for controls. Thus, 17/22 patients (77%) had an abnor-mality for BC impulses. This rate was not signiﬁcantly different
from the frequency of abnormal results for the oVEMP produced
by the other two modalities (P > 0.05).
3.3. cVEMP vs oVEMP
AC 500 Hz stimulation produced signiﬁcantly more abnor-
malities for the oVEMP than the cVEMP (82% vs 18%, v2(1) = 17.8,
P 0.001). In 13/22 patients (59%), AC 500 Hz stimulation showed
the typical pattern for VN affecting the superior nerve: the AC cVEMP
was within the limits of normal whereas the AC oVEMP was abnor-
mal. For this group, the average cVEMP asymmetry was 20% and sig-
niﬁcantly different from 0 (t = 3.6, P = 0.003), implying that cVEMPs
are not completely spared even for superior vestibular neuritis
(Appendix A). For BC 500 Hz stimulation at the forehead, there were
also signiﬁcantly more abnormalities for the oVEMP than for the
cVEMP (68% vs 27%, v2(1) = 7.4, P = 0.007). In 11/22 patients (50%),
AC 500 HzA
BC impulses (mastoid) C
oVEMP recordings
BC 500 Hz (AFz)B
Contralesional eye  
Contralesional eye Ipsilesional eye 
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Fig. 2. Grand averaged oVEMP recordings from VN patients (n = 22) using (A) air-conducted (B) BC 500 Hz stimuli delivered at AFz, and BC impulses at the mastoid (C),
recoded for side of the lesion. Due to the crossed nature of the oVEMP reﬂex, recordings in the left columns reﬂect responses evoked from the affected ear and recorded from
the contralesional infraorbital site. The right columns show responses evoked from the intact ear and recorded from the ipsilesional infraorbital site. The oVEMP evoked from
the affected ear showed signiﬁcant decreases for all stimulus modalities. For illustration purposes the left ear is shown as pathological.
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oVEMP was abnormal for the affected side. For BC impulses, there
were more frequent abnormalities of oVEMP than cVEMP reﬂexes
but this was not signiﬁcant (77% vs 55%; P > 0.05). Abnormality rates
showed a signiﬁcant correlation between the oVEMP to BC 500 Hz at
the forehead and the cVEMP to BC impulses at the mastoid
(r = 0.552, P = 0.008; not signiﬁcant with Bonferroni correction).
For the patient group, the prevalence of uninformative (i.e. bilateral-
ly absent) responses was greater for the oVEMP than for the cVEMP
(Table 4).
3.4. Subjective visual horizontal (SVH)
Abnormality rates for VEMP reﬂexes and the SVH are shown in
Fig. 3. The mean deviation of the SVH was 0.7 ± 2.3 degrees for
the controls and 0.2 ± 10.3 degrees for the patients. Using ±4.6
degrees from the horizontal as our normal range, 13/22 (59%) ofpatients had an abnormal SVH tilt towards the affected ear. This
percentage was signiﬁcantly greater than the frequency of abnor-
mal results for the cVEMP produced by both AC 500 Hz and BC
500 Hz stimuli (v2(2) = 8.9, P = 0.01) but not signiﬁcantly different
from the rate of oVEMP abnormalities for any of the stimuli or that
for the cVEMP for BC impulses (P > 0.05).
3.5. Patients with symmetrical AC cVEMPs
For AC 500 Hz stimulation, 7 patients showed near symmetrical
or larger amplitudes from the affected ear for the cVEMP (Fig. 4).
For this group, the cVEMP evoked by AC 500 Hz (ratio = 1.0 ± 0.2)
and BC 500 Hz (ratio = 0.9 ± 0.5) showed similar amplitudes
(P > 0.05), while the oVEMPs showed decreases for the affected
ear for both stimuli (AC 500 Hz: ratio = 0; BC 500 Hz:
ratio = 0.3 ± 0.6; t = 29 and 2.4, P < 0.059). For this group, using
BC impulses, the cVEMP ratio was signiﬁcantly reduced
Table 3
cVEMP and oVEMP amplitudes (patients).
AC 500 Hz stimulation BC 500 Hz (forehead) BC impulses (mastoid)
p13-n23 p15-n24 p15-n22
Intact ear response Affected ear response Intact ear response Affected ear response Intact ear response Affected ear response
cVEMP
(ratio)
1.5 (0.7)
[0–2.7]
0.8 (0.6)
[0–1.9]
1.4 (0.6)
[0.3–2.2]
0.8 (0.7)
[0–2.2]
1.6 (0.7)
[0.5–2.7]
0.8 (0.4)
[0–1.6]
cVEMP
(raw amplitude lV)
100 (64)
[0–239]
54 (42)
[0–143]
118 (88)
[26–295]
54 (47)
[0–196]
117 (64)
[42–300]
57 (61)
[0–293]
n10-p16 n10-p14 n11-p16
Intact ear response Affected ear response Intact ear response Affected ear response Intact ear response Affected ear response
oVEMP
lV
4.6 (3.9)
[0–15.7]
0.2 (0.6)
[0–2.1]
4.5 (5.6)
[0–27.2]
0.8 (1.1)
[0–3.5]
7.0 (4.8)
[0–18.5]
0.4 (1.1)
[0–3.6]
Mean (SD), [Range].
Table 4
Abnormality rates for cVEMP and oVEMP reﬂexes.
AC 500 Hz stimulation BC 500 Hz (forehead) BC impulses (mastoid)
cVEMP Abnormal 4/22 (18%) 6/22 (27%) 12/22 (55%)
Normal 16/22 (73%) 16/22 (73%) 10/22 (45%)
Uninformative/normal
(bilaterally absent)
2/22 (9%) 0/22 0/22
oVEMP Abnormal 18/22 (82%) 15/22 (68%) 17/22 (77%)
Normal 2/22 (9%) 6/22 (27%) 3/22 (14%)
Uninformative/normal
(bilaterally absent)
2/22 (9%) 1/22 (5%) 2/22 (9%)
The ratio and corresponding percentages are given.
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Fig. 3. cVEMP (black), oVEMP (grey) and SVH (white) abnormality rates. The oVEMP showed higher abnormality rates than cVEMP for AC and BC 500 Hz stimuli. Abnormality
rates were frequent for both reﬂexes when using BC impulses. The subjective visual horizontal (SVH) showed more frequent abnormalities than the cVEMP evoked by either
AC 500 Hz and BC 500 Hz.
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(ratio = 0.1 ± 0.1). Overall, abnormality rates in this subset for the
cVEMP were 0/7 (0%) for the AC 500 Hz, 1/7 (14%) for BC 500 Hz
and 4/7 (57%) for BC impulses. For the oVEMP, abnormality rates
were 6/7 (86%) using AC 500 Hz and 5/7 (71%) for both BC
500 Hz and BC impulses.
4. Discussion
Most cases of VN affect ﬁbres in the superior division of the
nerve more severely than those in the inferior division (Fetterand Dichgans, 1996). Considerable evidence supports the AC
cVEMP acting primarily on the saccule and thus evoking the cVEMP
through a pathway travelling through the inferior division of the
nerve (Kushiro et al., 1999; Uchino and Kushiro, 2011). We have
conﬁrmed that AC 500 Hz and BC 500 Hz stimulation are both
characterised by infrequent abnormalities of the cVEMP in this
condition (Curthoys et al., 2011; Govender et al., 2011; Oh et al.,
2013). It appears likely therefore that BC 500 Hz at the forehead,
for the intensities used here, excites afferents the majority of
which travel via the inferior division of the nerve. Both AC and
BC 500 Hz stimulation were associated with signiﬁcantly more
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Fig. 4. The ratio of affected and intact ear cVEMP and oVEMP amplitudes in a group
of patients with nearly symmetrical responses from the affected ear to AC 500 Hz
stimulation. Values reﬂect the mean amplitude ratios (affected/intact) for the
cVEMP (black) and oVEMP (grey) for each modality. The cVEMP evoked by BC
500 Hz was also usually preserved in this group. More frequent abnormalities were
observed for the cVEMP evoked by BC impulses. The oVEMPs evoked by all 3
modalities (AC 500 Hz, BC 500 Hz and BC impulses) were usually abnormal.
Bilaterally absent recordings (#: n = 1) were present for the oVEMP for each
stimulus modality.
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mediating both these responses are likely to travel via the superior
division of the nerve (Govender et al., 2011). This latter observation
has been interpreted to suggest that these stimuli act by exciting
utricular afferents (Curthoys et al., 2011) but saccular-originating
ﬁbres also travel via the superior division of the nerve (Lorente
de No, 1933).
The dissociation between the cVEMP (intact) and oVEMP
(affected) responses is an observation that is highly suggestive
of a diagnosis of VN. Rates of abnormal ﬁndings for the oVEMP
varied from 68% to 82% in our sample. In our patient population
we were able to elicit an AC oVEMP response from the intact ear
in 20/22 patients (91%). Maximum upward gaze and a stimulus
intensity of 110 dB LAeq were adopted for the majority of AC
oVEMP recordings. Rosengren et al. (2010) showed a greater
prevalence for the AC oVEMP when using these parameters com-
pared to the standard conditions of 20 upgaze and an intensity
of 105 dB LAeq (97% vs 81%). This may account for the relatively
low number of uninformative (bilaterally absent) responses we
recorded for the AC oVEMP. Our rate of bilaterally absent AC
oVEMP recordings (9%) is similar to those of previous reports
(Chihara et al., 2007: 17%; Iwasaki et al., 2013: 7.1%; Oh et al.,
2013: 7%). While BC 500 Hz was associated with fewer such ‘‘un-
informative’’ responses, any beneﬁt was outweighed by its
reduced sensitivity for detecting an abnormal oVEMP. Demon-
strating the typical dissociation between abnormal and normal
responses based on VEMP reﬂexes appears to be at least equally
frequent when using AC 500 Hz (64%) compared to BC 500 Hz
(50%). Both AC and BC 500 Hz stimuli are likely to mediate their
effects through the similar pathways, given how close their pat-
terns of abnormality are in VN. If AC 500 Hz testing is normal,
BC 500 Hz is also likely to be so. However, both stimuli are likely
to be necessary for optimum testing: AC having the advantage of
being more sensitive to other pathology, notably superior canal
dehiscence (Welgampola et al., 2008) and should be less opera-
tor-dependent. BC 500 Hz is valuable if there is no response to
AC stimulation or there is conductive hearing loss. In our sample,
3 patients considered normal with AC 500 Hz testing for oVEMPs
were found to be abnormal when using BC 500 Hz and thus 21 of
the original 23 patients (91%) showed an abnormality when using
both modalities.We have previously provided evidence to support an effect on
the utricle for the responses evoked by lateral head acceleration.
This is the adequate stimulus for the utricle and evokes direction-
speciﬁc effects for the eyes (Todd et al., 2008), neck (Rosengren
et al., 2009) and postural reﬂexes (Laube et al., 2012). The prop-
erties of the oVEMPs evoked are consistent with a response to
apparent head tilt (Colebatch et al., 2014). The oVEMP pathway
is thought to be more strongly dependent upon utricular afferents
than the projection to the neck (Uchino and Kushiro, 2011) and,
while all three stimuli evoked similar sized responses in the neck,
the BC impulses evoked the largest oVEMPs, consistent with it
being the most effective utricular stimulus of the three. Like our
previous report (Govender et al., 2011) we have also shown that
BC impulses are associated with signiﬁcantly more abnormalities
for the cVEMP in VN than the other two modalities. This is
unlikely to be simply due to a narrower range of normal values
for the impulsive stimulus, as there was also a signiﬁcant reduc-
tion for the impulsive stimulus in those subjects selected for hav-
ing retained responses to AC stimulation. Given that there is
evidence for a utricular projection to the SCM (Kushiro et al.,
1999), and that these ﬁbres travel in the superior nerve, the
abnormalities shown for the cVEMP for impulsive stimuli would
be expected to occur with a lesion affecting the superior nerve.
Conversely, the low rate of abnormalities for cVEMPs evoked by
AC or BC 500 Hz, suggests that these stimuli have less effect on
utricular afferents projecting to the SCM and signiﬁcantly less
than BC impulses.
We have compared the diagnostic effectiveness of three stimuli
using both cVEMPs and oVEMPs in VN and overall 22/23 (96%) of
patients showed at least one abnormality. For our sample, the pat-
tern of changes for both AC 500 Hz and BC 500 Hz were similar and
there was no deﬁnite basis for preferring one over the other.
Indeed the two 500 Hz stimuli appear to be exciting a similar
population of afferents, probably with a substantial contribution
from the saccule, given its lower threshold to AC stimuli (Young
et al., 1977). The responses to both modalities of 500 Hz stimuli
decrease at a similar rate with age. BC impulses may as a conse-
quence be more useful in older patients in whom the reﬂex
responses are preserved (Colebatch et al., 2013). Despite more
bilaterally absent responses, AC 500 Hz was still more sensitive
than BC 500 Hz in demonstrating oVEMP abnormalities. The
reduced sensitivity of BC 500 Hz stimulation is not due to its
greater potency as a stimulus for evoking oVEMPs because the
BC impulses evoked larger responses but showed a higher sensi-
tivity. The most likely explanation in these circumstances is that
the midline BC 500 Hz has signiﬁcant bilateral effects, albeit pre-
dominantly a crossed projection. This conclusion is consistent with
a mean AR of only 79% (rather than 100%) in patients with com-
plete lesions (Iwasaki et al., 2008).
Based upon some assumptions (Appendix A) it is possible to
use a subset of our data – the subjects whom it was assumed
had a lesion restricted to the superior division of the nerve – to
estimate the proportions of saccular and utricular afferents con-
tributing to the cVEMPs and oVEMPs evoked by the different
stimuli (Tables A1 and A2). Any contribution from canal afferents
has been ignored in light of Curthoys et al.’s (2006) evidence that
both AC and BC stimuli selectively activated irregularly discharg-
ing otolith afferents. Zhu et al. (2011) have however provided evi-
dence for activation of irregular afferents from both the anterior
and horizontal canals (but not from the posterior canal) in
response to sound in rats, a discrepancy that they explained as
possibly being due to differences in how otolith afferents were
identiﬁed. On the other hand, Carey et al. (2004) found negligible
activation of either anterior or horizontal canal afferents prior to
fenestration of the superior canal. Carey et al. (2004) separated
phasic from tonic responses and only the former are relevant here
2012 S. Govender et al. / Clinical Neurophysiology 126 (2015) 2004–2013and all originated from irregularly discharging neurons. With no
fenestration, only 1 of 15 superior canal afferents responded to
sound and none of 19 horizontal canal afferents did. Interestingly,
3 of 6 utricular afferents responded to sound in the intact labyr-
inth. Overall the evidence suggests that activation of semicircular
canals afferents by sound is likely to be minor. While the exact
proportions calculated in Appendix A must be treated with some
caution, the values are largely consistent with current views. No
stimulus gives ‘‘pure’’ excitation of a single afferent and the
impulsive stimulus, while having the strongest utricular weight-
ing, appears to also excite a signiﬁcant proportion of saccular
afferents. oVEMP reﬂexes are largely dependent upon utricular
afferents, primarily as a consequence of saccular afferents project-
ing to the eye muscles doing so via the small Voit’s anastomosis
to the superior vestibular nerve (Govender et al., 2011). No other
selectivity of projections is required and, in particular, no selec-
tivity is assumed for utricular projections which are taken to be
numerically equal for both the cVEMP and the oVEMP reﬂexes.
AC and BC 500 Hz stimuli both excite similar proportions of sac-
cular and utricular afferents. The AC 500 Hz stimulus activates a
signiﬁcant number of utricular ﬁbres projecting to the SCM,
explaining the 20% average AR that we found for the cVEMP for
this group of patients. We have in the past taken the crossed
negativity evoked for the cVEMP of some subjects using AC stim-
uli as evidence of utricular excitation, consistent with the present
estimates. The opposite directions of vertical eye movement
induced by AC and BC 500 Hz stimuli (Todd et al., 2007) is unex-
plained, given the apparent dominance of utricular afferents in
the ocular effects of both.
In summary, the dissociation shown between the preserved
cVEMP and the abolished or attenuated oVEMP is characteristic
of VN preferentially affecting the superior division of the nerve
and can be effectively demonstrated using either AC or BC
500 Hz stimuli. The pattern of ﬁndings for cVEMPs and oVEMPs
help deﬁne the extent and parts of the vestibular nerve affected
(Govender and Colebatch, 2012). Selective involvement of the
cVEMP can be seen in the much rarer inferior VN (Aw et al.,
2001; Halmagyi et al., 2002). BC impulses showed a signiﬁcant
number of abnormalities for the cVEMP, as would be expected
when using a stimulus exciting utricular afferents. While more
saccular than utricular ﬁbres appear to be excited by AC stimuli,
and this is reﬂected in the cVEMP, the weak saccular-oculomotor
projection leads to oVEMPs being dominated by utricular
afferents.Acknowledgements
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Estimated saccular and utricular contributions to the cVEMP.
cVEMP
Stimuli Saccular component Utricular component
AC 500 Hz 74% 26%
BC 500 Hz (AFz) 61% 39%
BC impulses (mastoid) 38% 62%Appendix A. Estimating the relative saccular and utricular
contributions to the cVEMP and oVEMP
With some assumptions it is possible to use our results to esti-
mate the relative contributions from saccular and utricular ﬁbres
to cVEMPs evoked by the 3 stimuli. An estimate can also be made
for oVEMPs but does require some further assumptions.
We ﬁrst assume that the subgroup of patients with 100% oVEMP
asymmetry and without signiﬁcantly abnormal cVEMP asymmetry
represent a group in whom there is a complete and selective lesion
of the superior vestibular nerve ﬁbres. This gives 13 patients. If thetwo most asymmetrical patients, with cVEMP AR values very close
to our limit (47% and 48%) are also removed then, for the 11
patients, the mean cVEMP asymmetries to AC 500 Hz, BC 500 Hz
and the impulsive stimulus are: 15%, 24% and 45% respectively.
cVEMP ratios: If we take this asymmetry to be an indication of
the ﬁbres lost which travel through the superior division of the
nerve and project to the neck (thus including utricular ﬁbres)
and assume the contribution to the cVEMP is in proportion to the
number of ﬁbres projecting to the SCM, and that any saccular affer-
ents within the superior nerve do not project to the SCM (so these
estimates will be the maximum possible contributions of non-sac-
cular, presumed utricular afferents), then the proportion of input
lost on the smaller side can be calculated by solving the equation:
ð100 sÞ=ð100þ sÞ ¼ asymmetryðAÞ: Solving for s gives :s ¼ ð100 AÞ=ð100þ AÞ ¼ 85=115 ¼ 74%:
Thus, 26% of the input has been lost as a result of the lesion of
the superior vestibular nerve, presumed here to be utricular ﬁbres.
Similar calculations can be applied to the cVEMP asymmetries
in response to BC 500 Hz and BC impulses (Table A1).
oVEMP ratios: calculating this is more speculative as the rela-
tive numbers of utricular ﬁbres projecting to the inferior oblique
versus those projecting to the SCM is not known. It has been point-
ed out that the saccular projection to the superior vestibular nerve
is via Voit’s nerve (Shute, 1951) which is smaller than the main
saccular nerve. Gacek and Rassmussen’s (1961) ﬁbre counts show
that on average Voit’s nerve consists of about 1/6 the number of
ﬁbres in the main saccular nerve. If we assume that the utricle
gives projections in proportion to the total number of afferents
excited and thus the same as the projection for SCM, but that the
saccular projection is reduced in proportion to the relative number
of ﬁbres in Voit’s nerve, then cVEMP ratios can then be adjusted to
estimate the ratio of saccular to utricular afferents contributing to
the oVEMP, as follows:
AC500Hzðfor a6 :1 ratioÞ : 74=6 ðrelative saccular contributionÞ
26 ðutricular contributionÞ
Recalculating the weighted inputs of each gives:
Saccular% ¼ saccular input=total input ¼ 12=ð12þ 26Þ ¼ 32%
Utricular% ¼ utricular input=total input ¼ 26=ð12þ 26Þ ¼ 68%:
Using this method gives the results shown in Table A2.
For all 3 stimuli, the oVEMP reﬂexes are dominated by non-sac-
cular input, most likely utricular afferents.Appendix B. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.clinph.2014.12.
029.
Table A2
Estimated saccular and utricular contributions to the oVEMP.
oVEMP
Stimuli Saccular component Utricular component
AC 500 Hz 32% 68%
BC 500 Hz (AFz) 20% 80%
BC impulses (mastoid) 9% 91%
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